The splitting processes in identi ed quark and gluon jets are investigated using longitudinal and transverse observables. The jets are selected from symmetric threejet events measured in Z decays with the Delphi detector in 1991-1994. Gluon jets are identi ed using heavy quark anti-tagging.
Introduction
The dynamics of the strong interaction are described by Quantum Chromodynamics, QCD, a non-Abelian gauge theory. This theory contains two types of fundamental elds, the fermionic quarks and the self-interacting gluons, the vector bosons mediating the strong force. Quarks and gluons are not directly observable; however they give rise to narrow bunches of hadrons called jets. In our present understanding these jets result from a showering process, a chain of elementary splitting processes of the initial quarks or gluons. The relative coupling strength of these splittings is determined by the QCD colour factors, C F = 4 3 , C A = 3 and T F = 1 2 . C F determines the coupling of a gluon to a quark, C A the gluon self-coupling and T F the splitting of a gluon into a quark-antiquark pair. The last process is kinematically suppressed.
Stronger splittings are thus expected in gluon jets compared to quark jets as C A C F = 9 4 . Consequently, gluon and quark jets should be substantially di erent. In particular one na vely expects the ratio ng nq of the hadron multiplicities in gluon to quark jets to be approximately C A C F 1]. This expectation is essentially maintained in more elaborate calculations 2].
Experimentally, however, the observed di erences in quark and gluon jets are small. In three-jet events in e + e ? -annihilation at Z energies, n g =n q is measured to be about 1. 25 3, 4 ]. An increase of this ratio with energy was demonstrated in a previous paper 3] . Subsequently this observation has been con rmed by new results 5].
It is important to clarify the origin of the obvious discrepancy between the experimental ndings and expectation. This may also help to explain why di erences between quark and gluon jets in e + e ? -annihilation are smaller than expected from perturbative QCD.
Quark and gluon jets are selected in symmetric three-jet events. Gluon jets are identi ed using heavy quark tagging. The de nition of a quark or gluon jet relies on the analogy to tree level graphs. Higher order corrections a ect this identi cation by terms of O( S ). As the interest of this paper is mainly to achieve qualitative understanding, these subtleties are ignored.
The aim of this paper is to establish that the initial splittings in quark and gluon jets are indeed consistent with the QCD expectations and to study the jet evolution in order to understand and explain the observed small di erence in particle multiplicity in quark and gluon jets. To achieve these objectives, two di erent types of observables are used. These are the scale dependence of the stable hadron scaled energy, sensitive mainly to the longitudinal part of the jet evolution, and the subjet splittings as de ned by the Durham jet nder related mainly to the transverse momentum of the splitting processes. The latter measure also represents a direct test of the splitting kernels and the Sudakov formfactors for quarks and gluons, the bases of parton shower evolution. Finally, the development of the number of subjets originating from an initial quark or gluon are compared.
The paper is organized as follows. Section 2 describes the parts of the Delphi detector relevant to this analysis, the track and event selection, the jet reconstruction and the impact parameter tagging used to antitag gluon jets and heavy quark events, as well as the subtraction method used to obtain properties of pure quark and gluon jets. Section 3 contains some theoretical preliminaries and introduces the variables and distributions used to study the jet splittings. The results are presented in section 4. Systematic errors are given in section 5. Conclusions appear in section 6.
Experimental Apparatus and Event Selection 2.1 The Delphi Detector
A detailed description of the Delphi apparatus has been presented in 6] . Here the components relevant for this analysis are brie y described.
The main part of the tracking system is a 2.7 m long Time Projection Chamber (TPC) which measures the tracks of charged particles with a resolution of about 250 m in the R -projection (transverse to the beam direction) and 0.9 mm along the z direction (beam direction). The space between the TPC and the beam pipe contains the Inner Detector (ID) and a silicon microstrip Vertex Detector (V D). Each 15 sector of the ID consists of a 24 wire jet chamber followed by a 5 layer proportional chamber. The Vertex Detector consists of three concentric shells of 24 silicon microstrip detector modules each 24 cm long. It has very good spatial resolution (r = 7:6 m; z = 9 ? 30 m) and is therefore the most important detector component of Delphi for the reconstruction of vertices and for the impact parameter tag. In the barrel region (polar angle relative to the beam axis between 43 and 137 ), the quality of tracking is further improved by the Outer Detector containing 5 layers of drift tubes. Each layer measures the R -coordinate with a resolution of about 110 m. Three layers also provide an approximate z measurement.
In the forward and backward regions ( in the range 11 ? 33 or 147 ? 169 ), two additional drift chamber systems improve the tracking acceptance. Forward chamber A (FCA) consists of three pairs of wire planes rotated by 120 with respect to each other, in order to resolve ambiguities internally. Forward chamber B (FCB) consists of 12 wire planes twice repeating the orientation of FCA and positioned directly in front of the forward electromagnetic calorimeter (FEMC).
Electromagnetic clusters are measured in the barrel region by a High Density Projec- 
Event Selection
All data collected by Delphi during the years 1991 to 1994 are considered in the present analysis. In a rst step of the selection procedure, quality cuts on all charged particles and all neutral clusters in the calorimeters are imposed in order to ensure a reliable determination of their momenta, energies, and multiplicities. The quality cuts for charged and neutral particles are given in Tab. 1 and 2, respectively ( is the impact parameter with respect to the primary vertex, L track the measured track length). All charged particles are assumed to be pions and all neutral particles are assumed massless. A sample of hadronic events is then selected as in 3, 7] by demanding a minimum charged multiplicity, N ch , and visible energy, E tot ch , as well as requiring that events are well contained within the detector volume. The corresponding cuts are shown 
where E i and E j are the energies of particles i and j, ij is the angle between them and E vis the sum of all measured particle energies in the event. The particle pair with the lowest value y ij is selected and replaced by a pseudo-particle with the sum of their four-momenta, p ij = p i + p j , if y ij is below y cut .
In successive steps the procedure is repeated, with the jet resolution variable being reevaluated in each iteration, until all pairs i and j satisfy y ij > y cut . Each four-momentum vector which remains at the end of this process is referred to as a \jet". With this algorithm, the minimum transverse momentum between two jets, resolved at a scale de ned by y cut , is approximately given by k min ? ' E vis p y cut .
The k ? algorithm conserves both energy and momentum, is well suited for perturbative calculations and avoids the recombination of soft gluons in di erent hemispheres of the event.
Event Topologies
After the events have passed the hadronic event selection, the k ? cluster algorithm is applied to select three-jet nal states. This selection is carried out at a jet resolution scale y cut = 0:015; this value maximizes the three-jet event sample and allows reliable comparison with perturbative QCD which has been checked with simulations.
For a detailed comparison of quark and gluon jet properties it is necessary to obtain samples of quark and gluon jets with nearly the same kinematics, which allow a direct comparison of the jet properties within a similar environment. To ful l this condition, di erent event topologies have been used, as illustrated in Fig. 1 The jet axes are projected into the event plane, which is de ned as the plane perpendicular to the smallest sphericity eigenvector as obtained from the quadratic momentum tensor. The jets are numbered in decreasing order of jet energy, where to each of the jets a calculated energy is assigned as derived from the angles between the jets. Assuming massless kinematics, the jet energy can be expressed as: E calc j = sin j sin 1 + sin 2 + sin 3 p s; j = 1; 2; 3 ; (2) where j is the interjet angle as de ned in Fig. 1 .
In order to enhance the contribution from events with three well de ned jets attributed tog production, a set of further cuts is applied to the three-jet event samples as summarized in Tab. 4. These cuts select planar events with each of the reconstructed jets well contained within the sensitive part of the detector. 
Quark and Gluon Jet Identi cation
A sample of gluon jets is obtained from events which originate from heavy initial quarks; these events are identi ed by a high probability for heavy hadron decays. Gluon jets are then indirectly tagged by identifying heavy hadron decay products in the other jets of the event which should not be present in gluon jets. Quark jets are selected from events without any signi cance to contain a heavy hadron. These events contain two jets of similar topology in the case of Y events and three jets in the case of Mercedes events. These jet samples are subsequently called "normal mixture" 1 . The properties of the quark jets are obtained from this jet sample by substracting the gluon properties as obtained from the heavy quark enriched events from the distributions measured in the normal mixture jet sample.
Therefore neither the gluon nor the quark samples which are depleted from heavy quark jets (especially from b-quark jets) are signi cantly biased by the identi cation procedure, whereas the identi ed b-quark initiated jets are biased and cannot be used for a direct comparison to the gluon jets.
In the following, the selection of the gluon and the normal mixture jet samples in Yand Mercedes events is described in detail as well as the necessary corrections to obtain information on pure quark and gluon jets.
Lifetime Tags on Event and Jet Level
The lifetime signed impact parameter is used to construct an algorithm for tagging b jets. In this method, the probability, P N , that all tracks arise directly from the e + e ? -annihilation point is evaluated for a given selection of N tracks. Thus events containing b quarks tend to give low values of P N . Only events with a b quark signature are selected as input to the gluon identi cation by demanding that P N , for the whole event, does not exceed a value of 10 ?1:5 . The tracks corresponding to each of the reconstructed jets are used to construct a probability P J per jet. Jets are nally classi ed according to the observed values of each P J following two selection strategies:
I. As the most energetic jet in Y events is a quark jet in about 98% of the cases, this jet is treated as a quark jet in every Y event. Cuts on P J are applied to each of the two lower energy jets in order to establish which is the quark and which is the gluon jet. The main criterion applied is to demand that one of the two lower energy jets satis es the condition P J < 0:1. The remaining jet is then taken as the gluon provided its probability value P J does not fall below 0.1. This latter selection ensures that the decay products of the b hadrons do not, in general, lter through to the selected sample of gluon jets. A total of 18545 gluon jets in Y type events are selected using this single jet tag method.
II. For Mercedes type events both of the quark jets have to be identi ed by applying cuts to the jet probability variable, as all of the three jets have comparable energy. By demanding that two of the three jets satisfy the condition P J < 0:1, the remaining jet is then considered as the gluon jet provided its probability value P J exceeds 0.1. A total of 1203 gluon jets are identi ed in Mercedes events using this double jet tag method. In Fig. 2 , the probability distributions of the jets in Y events are shown separately for normal mixture, charm, and bottom quarks as well as for gluons. 
Gluon and Quark Jet Purities
The e ciency and purity calculations have been made using events generated by the Jetset 7.3 Monte Carlo 9] tuned to Delphi data 10], passed through the full simulation program Delsim 11, 12] of the Delphi detector and the standard Delphi data reconstruction chain. Even in the Monte Carlo the assignment of parton avours to the jets is not unique, as in parton models like Jetset the decay history is interrupted by the building of strings (or clusters in the case of Herwig 13] ). Thus two independent ways of de ning the gluon jet in the fully reconstructed Monte Carlo are investigated 7]. On the one hand it is assumed that the jet which has the largest angle to hadrons 2 steaming from heavy quarks will be the gluon induced jet (angle assignment), on the other hand the jet containing the fewest decay particles from the heavy hadrons is assigned to the gluon (history assignment).
Method
Angle assignment gluon in: Jet Tab. 6 shows that the methods give similar results and that therefore the purities can be estimated with small systematic uncertainties. With the tagging procedure described in section 2.5.1, gluon jet purities 3 of 79:6% 2:0% (Y events) and 74:5% 2:5% (Mercedes events) were achieved.
Corrections
Tab. 7 shows in detail the fractions of light quark (udsc), b quark, and gluon jets in the di erent jet classes, namely normal mixture jets, b tagged jets and gluon tagged jets in Y events.
The use of subtraction techniques which rely only on the knowledge of the proportion of gluon, light, and b quark jets populating the three-jet event samples enables a comparison of pure light, b quark, and gluon jets.
In the following let R g , R l , and R b be the distributions of any observable for pure gluon jets, for pure light quark jets, and pure b jets, respectively. Then the measured distributions for identi ed gluon jets (R gtag ), for tagged b jets (R btag ) and for the normal mixture event sample (R mix ) can be written as follows: Here the p j i are the corresponding fractions from Tab. 7. The data distributions for pure b quark, light quark and gluon jets are then obtained by solving Eq. 3 for R g , R q and R q b . The statistical errors of the purities p j i are fully propagated and included in all error bars shown in the following plots.
To correct for limited detector acceptance and resolution, a linear acceptance correction factor (C acc = R MC R MC+detector ) has also been applied to the data in each bin of a distribution.
Jet Properties
The fundamental QCD couplings are illustrated in Fig. 3 . Their relative coupling strength is determined by the colour factors (also called Casimir factors) which are determined by the structure of SU(3), the group underlying QCD. The Casimir factors C F , C A , and T F determine the coupling strengths of gluon radiation from quarks, of the triple-gluon vertex, and of gluon splitting into a quark-antiquark pair, respectively. Within SU(3), these coupling constants are C F = 4=3; C A = 3; and T F = 1=2, which has to be weighted by the number of active quark avors n F . Due to the quark masses, the actual value of active avours n F is energy dependent. For Y-and Mercedes events, the Jetset model predicts n u n d n s n c 2 n b , which corresponds to n F ' 4:5, whereas in the low energy limit n F ' 3.
Scale Dependence of the Fragmentation Function of Quark and Gluon Jets
Jet splittings may be studied with respect to the energy sharing in a splitting process. This analysis is connected to the analysis of the scale dependence (scaling violation) of fragmentation functions D H p (x E ; s) of a parton p into a hadron H described by the GDLAP 4 equation 14]. In the limit of large hadron energy fractions x E = E hadron =E jet , i.e. for x E 1 2 , the lower energy parton in a splitting process cannot contribute. In a q ! qg splitting process the lower energy parton is almost always the gluon. The g !splitting is disfavoured w.r.t. g ! gg. The (leading order) evolution equations for quarks and gluons therefore simplify to:
The relevant Altarelli Parisi splitting kernels are:
For a quantitative comparison of gluon and quark fragmentation, it is important to compare the relative size of the observed scaling violation: In e + e ? -annihilation, large numbers of gluon jets are only available at Z energies. Therefore the only possibility to access this information is to compare gluon and quark jets obtained from di erent three-jet topologies like Y-and Mercedes events. A non-trivial problem is the selection of the relevant scales for the corresponding quark and gluon jets. Studies of hadron production in events with three-jet topology indicate that a relevant scale is the so called hardness of the process producing the jet 16]: 2;3 = E 2;3 sin 1 2 (here 1 is the angle as de ned in Fig. 1 ).
Subjet Rates
Di erences in the splitting properties of quarks and gluons are expected to appear most clearly in the \ rst" splitting process at large momentum transfer or jet resolution parameter y. To study the splitting processes of jets into subjets, the jet algorithm used for the subjet de nition has been applied only to those particles which have, at the event level, been assigned to the jet under study 7] (see Fig. 4 for an illustration of a subjet).
This strategy should result in a more meaningful comparison of the y values of individual jets as the experimental smearing due to the energy normalization (compare Eq. 1) is smaller.
The absolute splitting rate of a jet N 1 (y) should be proportional to the number of unsplit jets N 1 (y) present at a given jet resolution y, to some dynamical expression F(y) containing in particular the coupling constant and the colour factors of the relevant parton initiating the jet, and to the size of the y interval y, i.e. Here the (sub-) jet rates R n (y) are de ned as usual by R n = N n (y)=N tot , where N n (y)
is the number of jets in which n ? 1 splittings occurred up to the given jet resolution y. The di erential jet rates D n (y) measured at di erent values of y are by construction uncorrelated, in contrast to the jet rates R n or the average subjet multiplicities. The subjet multiplicity N(y), which experimentally for very small y converges to the hadron multiplicity, follows from the weighted mean of the jet rates
In the following let r max M be the ratio of the maximums of the subjet multiplicity distributions of gluon to quark jets and r Had M the corresponding ratio in the limit of small y (the hadron multiplicity ratio).
The decay functions ? corresponding to the splittings shown in Fig. 3 where Q is the centre of mass energy of the jet production process (to be identi ed with the scale in this paper), q = p y and 
For n F = 3 one yieldsr 1 (y) C A C F , independent of y. Eq. 11 coincidences with the na ve expectation:r
The term n F T f (0 1) accounts for the non-divergent contribution of the g !splitting. Here denotes the suppression factor of the g !splitting w.r.t. g ! gg. Numerically, allowing the full range for , from 0 to 1, one expectsr 1 = 2:25 ? 4:0.
Results

Scale Dependence of the Fragmentation Functions
Sizeable di erences have been observed between the scaled energy x E -distributions of stable hadrons produced in quark and gluon jets 3, 21, 22]. Fig. 5a ,b show the scaled energy distributions of charged hadrons for quark and gluon jets 6 .
An approximately exponential decrease of the fragmentation function with increasing x E is seen, which is more pronounced in the gluon case. The extra suppression at high x E (by almost one order of magnitude) of gluon jets relative to quark jets is expected because, contrary to the quark case, the gluon cannot be present as a valence parton inside the produced hadron. The valence quarks of the hadrons rst have to be produced in a g !splitting process.
The quark fragmentation functions in Y-and Mercedes events are in good agreement with those measured from all events at lower energies 23]. We compare with data at beam energies (11 and 22 GeV) similar to the hardness of jets in Y-and Mercedes events, as the energy spectra and other characteristics of the QCD partonic cascade are expected to depend mainly on the hardness of the corresponding jet 16]. The agreement is far less satisfactory if the quark fragmentation function measured from Y-and Mercedes events is compared to the overall e + e ? data at similar jet energy.
To demonstrate the scale dependence, Fig. 5c shows the x E -distributions obtained at di erent centre-of-mass energies 23] and from light quark and gluon jets in Y-and Mercedes events.
It is observed that the distributions measured from jets in Mercedes events ( 26 GeV) show a stronger fall o with hadron energy than for jets from Y events ( 12 GeV) . This is similar to the behaviour of scaled energy distributions measured at di erent centre of mass energies 23]. Fig. 6a compares S e as measured from all events at Petra at E jet 11 GeV and E jet 22 GeV 23], to S q for quark jets in Y-and Mercedes events, which have similar values of , i.e. jets of 12 GeV and 26 GeV, respectively. The typical pattern expected from scaling violation, a depletion at large energy and an increase at small energy, is observed. The scale dependence vanishes for x E 0:1. The behaviour of S e and S q is similar and for large x E they are consistent within errors. For very small scaled energy x E , some discrepancies are expected due to the mis-assignment of particles to a jet in three-jet events.
In Fig. 6b the relative change S q for quark jets and the corresponding change S g for gluon jets are compared. For gluon jets the typical scaling violation pattern is also observed. It is signi cantly more pronounced than for quark jets, which is expected owing to the higher gluon splitting probability. The scale dependence vanishes for x E 0:1 as well. To our knowledge this is the rst direct observation of scaling violations in identi ed gluon jets and con rms our conjecture raised in a previous publication 3].
In Fig. 6c the ratio r S (x E ) = S g (x E )=S q (x E ) is shown, which di ers from 1 at small and large x E . At small x E , this is due to the multiplicity increase with scale which is more pronounced in gluon than in quark jets 3]. For x E 0:1, r S (x E ) is unde ned experimentally because both S g and S q vanish there. At large x E , r S (x E ) increases and rapidly approaches values around 2. Averaging over r S (x E ) yields r S (0:28 x E 0:88) = 2:8 0:8 0:6:
Thus we observe a large ratio of splitting probabilities in quark and gluon jets, consistent with the expected ratio r S (x E ) = C A =C F = 9=4. It should be noted that due to the stronger scaling violations in gluon jets compared to quark jets, the hadron multiplicity in gluon jets increases faster with increasing hardness or energy. Thus scaling violations explain at least in part the observed increase of the multiplicity ratio in gluon and quark jets with energy 3].
Subjet Splittings
The modi ed di erential jet ratesD n (y), the di erential jet rates D n (y) and the jet rates R n (y) have been measured for quarks and gluons in Y-and Mercedes events. The results for both event types are consistent. Because of their better statistical precision, only the results obtained from Y events are presented. Fig. 7(a-d) compares R 1 , y 1 D 1 , y 1 D 1 , andr 1 for quark and gluon jets to the NLLA calculation 20] and Fig. 7(e-f) to predictions of fragmentation models.
All fragmentation models reasonably describe the observed behaviour forD 1 andr 1 . Also the NLLA calculation 7 has a tendency to describe the behaviour of R 1 , D 1 , andD 1 for not too small y 1 . Especially the di erence between quarks and gluons are correctly represented. Some di erences between the calculations and the measurements should be expected as no fragmentation e ects are taken into account 8 . A good description ofD Table 8 : Ratio of the modi ed di erential one jet-rate for Y-and Mercedes events (data and simulation) at the maximum, 0:024 y 1 0:13.
In the range 0:024 y 0:133, the ratior 1 of the splitting function for gluons and quarks is 2:77 0:11 0:10, thus even slightly bigger than the na ve expectation C A =C F or the NLLA prediction (see Fig. 7d and Tab. 8). The fragmentation models however agree well with the data. Ariadne 24] is slightly higher in the region of the maximum. This is understood due to a higher g !contribution in Ariadne. This in uence is also clear from the NLLA calculation in Fig. 7d . The fall o ofr 1 for very large y is due to a lacking g !contribution in this y range. If this contribution is taken out in the Jetset model, the model prediction in Fig. 7f is almost unaltered at large y. Presumably this is due to an interference e ect in the complete three-jet event, i.e. that at very large y it seems not justi ed to regard the gluon as a free particle.
At small y (y . 10 ?2 ) the NLLA predictions starts to deviate from theD g 1 and for slightly smaller y also fromD q 1 . At small y ( p y O(1 GeV)) fragmentation e ects are expected to set in. It is important to realize that these e ects start to be important at 7 QCD has been set to QCD = 300 MeV. 8 Hadronization corrections cannot easily calculated s the number of splittings in a parton shower simulation is relatively small. Consequently in an imporatnt fraction of the events the primary parton of a jet does not split at all.
The necessity for the additional g splitting appears most clearly from the strong suppression of the gluon fragmentation function compared to the quark fragmentation function (compare Fig. 6 ) at large hadron momentum. It has also direct e ect on the evolution of the experimental splitting functionsD 1 at small y. In factD g 1 rises far less rapid with falling y than expected. For y . 10 ?3 , where alsoD q 1 already deviates from the NLLA expectation,D q 1 is even greater thanD g 1 . This directly implies that in this y range more quarks split than gluons. This is even ampli ed by the fact that more unsplit quarks are present at this y values (compare Fig. 7a ). This behaviour which is induced by di erences between quark and gluon fragmentation due to the valence structure of the hadrons is opposite to the na ve expectation for the splitting behaviour of quarks and gluons due to the colour factors. This has important consequences for the evolution of gluon and quark jets, especially for the hadron multiplicity in quark and gluon jets as it is discussed below. It is instructive, however, to study rst the higher rank splittings. Fig. 8 shows y D n (y), y D n (y) and R n (y) for the n = 1 st to the n = 4 th splitting. It is evident that di erences inD(y) start to vanish with higher splitting rank. This is most clearly seen in the ratior n ( Fig. 9 ) which is almost unity for n 4. This is understood because of the sizable number of gluons in both types of jets. The only di erence remaining is the initial quark. In other words each jet is predominantly a \gluon jet". The relatively higher splitting probability in quark jets at low y compared to the gluon expectation and the higher amount of unsplit quark jets leads to a compensation of the initially higher subjet rate D 1 in gluon jets (see also r 1 in Fig. 9 ). This mechanism also holds for the higher jet rates D 2 to D 4 , contrary to the behaviour of theD n distributions, and is again most clearly seen in the corresponding ratios (see Fig. 9 ). The di erence of the behaviour of theD n and D n distributions is due to the di erent number of quark and gluon initiated jets (with n subjets) present at a given y which are able to split into n + 1 subjets.
From this discussion also the behaviour of the subjet multiplicity and, in the limit of small y, the hadron multiplicity in quark and gluon jets is understood. In Fig. 10a . Initially at large y, the multiplicity rises faster with falling y for gluons compared to quarks. The gluon to quark ratio reaches values around two, the multiplicity ratio, r Max M , is measured to be 2:03 0:15 0:12 for Y events and 1:67 0:23 0:13 for Mercedes events, for y 0:016 but falls o for smaller y and rapidly converges to a ratio similar to the stable hadron multiplicity (r Had M = 1:26 0:01 0:00). The fall o of the multiplicity ratio coincidences with the deviationD g 1 from the QCD expectation (compare Fig. 7 ) and the correspondingly reduced gluon to quark splitting rate ratio.
Systematics
The emphasis of this publication is the qulitative measurement of several distributions to obtain a most complete idea of the di erences of quark and gluon splitting and fragmentation. Beyond quoting the systematic uncertainties on the de ned valuesr max 1 ; r S ; r max M and r Had M , the e ect of the most important sources on the complete distributions is discussed. We use the variable The cut on the event probability to take an event as a b-quark event has been varied from ? lg 10 P E = 1:25 to 1:75 and simultaneously the cut on the probability to identify a jet as a b-quark jet in the range ? lg 10 P J = 0:75 : : : 1:25. This corresponds to a variation of the gluon purity. < 2 =n > is below 40% without any signi cant systematic shift in any variable.
2. Variation of the cut on the minimal particle momentum
The cut on the minimal particle momentum has been decreased from 400 MeV=c to 200 MeV=c. < 2 =n > turns out to be lower than 75%. The distributions of D 1 and R 1 show a small systematic shift from small y 1 to medium y 1 which results from a discrepancy between measured data and the detector simulation. This e ect is the same in quark and gluon jets and cancels in the ratios. The x E distribution show a tiny enhancement in the rst bin which cancels in the S distribution. For all fragmentation functions, < 2 =n > is better than 50%.
Variation of the cut on y cut
Three-jet events have alternatively been selected by cutting on y cut =0.01 and y cut =0.02. Using y cut =0.01 shifts the D 1 distributions to lower y while for y cut =0.02 there are more jets splitting at larger y. This e ect is smaller than 2% in each bin. This e ect completely cancels in the distributions ofD 1 for both quark and gluon jets. If symmetric three-jet events are selected by only cutting on the event geometry but not on y cut , a shift in D 1 of 1% to larger y 1 for both quark and gluon jets in Y events is observed which nearly cancels in all ratios (D i ,r i , and r i ). In Mercedes events, this shift becomes larger ( 5%). The < 2 =n > is better than 25% for ther i distributions. Cutting on y cut =0.02 or omitting this cut performs a softer fragmentation in both quark and gluon jets while choosing y cut =0.01 makes the fragmentation harder. This e ect is about 2%. The deviation is larger for Quarks in Y events (-5%) for y cut =0.02 and for Quarks in Mercedes events (-5%) when omitting this cut. Consequently, S q is about 50% higher for y cut =0.02 and 40% lower without this cut than for the reference sample with y cut =0.015 for large x E . Finally, y cut =0.1 has been checked as well. As expected, this cut is not useable for selecting Y events at all. The preselected sample contains very low statistics and is completely biased toward events which are at the limit to become Mercedes events; consequently, the S distributions become small, especially for quarks. Nevertheless, this cut is not suited for Mercedes events neither, although the deviations from the reference sample in all distributions are signi cantly smaller than in Y events.
Modi cation of the acceptance correction
To enlarge the limited statistics available for simulation without detector simulation, the symmetric three-jet events have been selected independently from the detector simulation. Selecting only events at the generator level which satisfy the criteria for symmetric events for both simulated and detector level, one nds the D i distributions to become smaller for both quark and gluon jets. Due to its construction,D i becomes shifted to smaller y ( 5%). This e ect is nearly the same for quark and gluon jets and cancels in the ratior i . Here < 2 =n > is 40% forr 1 and lower than 10% for the higher rank splittings. The fragmentation functions are not a ected by this modi cation.
Testing other cluster algorithms
Alternatively to the k T cluster algorithm, the Jade 26] (E0-scheme) and the Geneva 27] algorithm have been used to cluster the event and the jets. This investigation is to be seen as a very qualitative analysis as the y cut values chosen to select three-jet events (y cut =0.04 for Jade and y cut =0.05 for Geneva) have not been explicitly tuned for maximal three-jet statistic or good agreement of the parton and hadron level three-jet rates. The observation of the splitting functions and jet rates are not directly comparable as the y values di er in their values between the jet algorithms. For all jet algorithms a signi cant peak in the r 1 distribution at large y is visible as well as the decrease for small y. The higher rank splitting functions tend to be 1 for Jade and Geneva as well. A similar e ect is observed for the subjet multiplicities. The fragmentation functions depend on the cluster algorithm as well. Jade tends to produce a softer energy spectrum than k T , whereas the fragmentation is measured to be harder when using Geneva. r S is measured to be 5% larger when events and jets are clustered with Jade but the errors are larger than for jets clustered with k T because of the softer fragmentation.
The sources of uncertainties listed above lead to the systematic errors of the values r S ,colour factors. The scale dependence of the ratio of the hadron multiplicity in quark and gluon jets is due at least in part to the observed scaling violations. This nding has been con rmed by studying the di erential subjet splittingsD p (y), introduced in section 3.2. The maximum of the ratio of the rst splitting in quark and gluon jets is measured to be:r max 1 = 2:77 0:11 0:10 This result is slightly bigger than the na ve expectation C A =C F or the expectation from a NLLA QCD calculation (2:25 ! 2:67 for n F = 3 : : : 5), however in a good agreement with the prediction of fragmentation models.
It is found that fragmentation e ects set in at a relatively higher y (this implies that they set in at a higher mass as m / p y) for gluons compared to quarks. Theoretical calculations therefore should be evolved to a relatively lower y-cuto for quarks compared to gluons when directly compared to data. Finally, the study of higher rank splittings in quark and gluon jets leads to the conclusion that the initially higher subjet rate in gluon jets is compensated at smaller y by the larger di erential splitting rate D 1 (due to fragmentation e ects) in quark jets. In this limit of small y this explains the relatively small multiplicity ratio in gluon compared to quark jets although the primary splittings of quarks and gluons follow the QCD colour factor expectation as demonstrated by the measurements of r D andr D .
These observations are con rmed by the analysis of the subjet multiplicities.
